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SUMMARY
An analytical study has been conducted to determine the effects
of,atmospheric refraction and attenuation, and earth albedo on
the ATM acquisition sun sensor during certain modes of operation.
'his study involves no new technology.
At the beginning of the project, a literature sear ,h was conducted
to determine if information gleaned from recent earth orbit experi-
ments showed that an updating of the various mathematical models
used in the analysis was necessary. The result of this search was
a reconfirmation of the validity of the previous assumptions.
The theoretical background and mathematical models are developed
in Section 2.
The computer implementation of the albedo equations is presented
in Section 3. It is not necessary to read tb.is
 section to under-
stand the remainder of the report..
The angular response characteristics of acquisition sun sensor 
number 007 were measured as part of the albedo mathematical model.
This effort is documented in Section 4.
The results of the study are presented in Section S. In essence,
they are as follows:
11
I
h
•	 The worst pointing error attributable to earth
albedo in the sun pointing mode is 34 arc-seconds.
1Ref.: "Apollo Telescope Mount Acquisition Sun Sensor, Operational
Requirements and Descriptions," NASA/MSFC Astrionics Laboratory,
SOM23013, 24 February 1970.
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•	 Misalignments due to atmospheric refraction can
reach one degree, but presumably the ATM fine sun
sensor will be affected to the same extent. At
this point the sunlight is attenuated 94%.
• In the event that a random search is performed to
reacquire the sun, the acquisition sun sensor will
generate no more than ±1. 2 volts (10% of maximum
output) as it scans across the earth. The output
of the sun presence detector will not exceed 1.5%
of its maximum value - far below the 50% point at
which trigger levels have been set.
xi
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Section 1
INTRODUCTION
Part of the Apollo Manned Spacecraft Program involves the opera-
tion -i. -n- space of several experiments contained in the Apollo
Telescope Mount (ATM). The experiments are housed in the ATM
canister, which is connected to the rest of the ATM structure by
means of a large roll bearing and orthogonal limited-rotation
pitch and yaw gimbals. The ATM structure is, in turn, "hard
mounted" to the S-IVB workshop. The ATM structure with its
connecting members is commonly referred to as the "rack" to
differentiate between it and the gimbaled experiment canister.
The pitch and yaw attitude of the ATM canister with respect to
the sun line is sensed by a fine sun sensor located on the canister.
The attitude is nominally controlled to an accuracy of a few arc-
seconds. The pitch and yaw attitude of the rack with respect to
the gun Line is sensed by the BBRC-built SS-1090 acquisition sun
sensor located on the rack. It provides signals to the ATM
digital computer, which generates error signals for the control
moment gyros and gas jets which control the attitude of the rack
to an accuracy of a .few arc minutes.
The ATM canister is mechanically limited to excursions in azimuth
and elevation of only ±2° with respect to the rack. Thus, it is
important that accumulated relative errors between the rack and
the ATM canister control systems do not exceed this limit.
The current study program came to pass, partly, as a'result of
this restriction. It is obviously desirable to operate the experi-
ments over as large a portion of each orbit as possible. During 	 ti
spacecraft dawn and dusk, however, there will be periods when the
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acquisition sensor, with its wide field of view, will be affected
by earth albedo while the fine sun sensor will not. There was
some concern that the albedo-induced misalignment of the rack
might drive the ATM canister against its stops. If this indeed
were a problem, where in orbit would it occur? If it were not a
problem, then the experiments could take data until the murky
atmosphere or the earth itself shut off the sun. Again, the
quest,on, Where in orbit would this occur?
BBRC undertook the task of performing an analytical study to
answer these questions. In doing so, use could be made of an
existing BBRC computer program to compute atmospheric refraction
of light rays and their attendant attenuation. The albedo problem,
however, had to be attacked from scratch: a computer program had
to be developed. The greater portion of this report is devoted
to documenting that effort.
The program was made quite general and can handle any kind of
sensor in any orbital position and attitude. It was therefore
able to analyze, by simply altering a few parameters, another
problem associated wath.the overall mission.; if the rack loses
its alignment for any reason and a tumbling search mode is
instituted to find and reacquire the sun, is there a possibility
of getting such a large signal as the sensor field of view sweeps
across the brightly illuminated earth that it might appear that
the sensor had swept by the sun? This would present a confusing
situation.
These were the questions posed at the beginning of the program.
The answers and the methods used to obtain -them are presented in
this report.
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Section 2
THEORY
The, notation used in developing the mathematical model is concise,
consistent, and an abomination. It is suggested that you go
through Appendix A thoroughly, now, if you are serious about
reading this section.
2.1	 ANALYSIS OF ALEEDO
2.1. 1 	 Assumptions
The earth is assumed to be spherical., of unit radius, and illu-
minated by an infinitely distant source. Thus, the terminator
appears as a sharp, distinct line.
The atmosphere is treated as a Lambertian radiator; that is, the
radiation emitted from each differential element of area varies
as the cosine of the angle between the light ray and the area's
normal vector. Furthermore, the spectral contents of the radiated
and incident energies are assumed to be identical.
2.2	 PROBLEM GEOMETRY
The sensor is placed a distance h above the surface of the earth
(assumed spherical). The vector from the center of the earth: to
the sensor is called Q and the angle between Q and th`_ earth's
terminator is called ^. If the sensor is over the "day side" of
the earth, E is positive; if over the "night side," it is negative.
Thus, as the satellite moves in its orbit from night into clay, E
r	 goes from negative to positive values and is zero when the vehicle
w	 is situated just over the terminator.
t`
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Note that ^ is not the angle traced out by Q as the satellite
traverses its orbit, except in the special case where the orbital
plane is perpendicular to the terminator.
The angle g is shown pictorially in Fig. 2--la for several positions
of the satellite. All computations were made in terms of ^. The
reason for this parameterization is that the data can be applied
to orbits of any inclination.
The basis for the albedo analysis is shown in Fig. 2 - 1b. The sun
lies in the direction of the unit vector S, N is the outward unit
normal to dA (the differential element of area), and P* is the
vector from dA to the satellite. S is parallel. to E^' and the
(E3,E3) plane contains the terminator. The vehicle is in the
(E R  E3)
 plane, lies along the vector Q, an d
 is a distance (Q J '-A n
1 from the center of the earth.
For purposes of this discussion, the terms roll, elevation,
and azimuth have been associated with rotations about the vehicle
1, 2, and 3 axes respectively. Furthermore, the two detector
pairs on the sun sensor which detect the latter two rotations are
called the etevation and azimuth sensors rather than pitch and yaw
sensors as they are commonly called.
2.2.1	 Development of Equations
The earth is centered on the refert:,nce coordinate system E R , which
is aligned so the sun lies along E1` and tie vehicle is in the
(Ej,E3) plane. This choice of reference allows the solar vector
S and the vehicle position vector Q to be writteii in the simple
form
i
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Fig. 2-lb De*.ailed Problem Geometry
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Points on the surface of the earth have coordinatesordinates (l,^,o) , where
is the polar angle measured from E AR
 and a is the longitudinal
angle measured front E R . Thus, the unit normal N at such a point is1
s^c6
NR	 s^se	 (2)
s	
c^
Earth-reflected sunlight emanating from this point and reaching
the satellite travels along P* (= Q - N) or
qsE - soc6
P* R
	-Soso
	 (3)
qc^ - co j
Sunlight reflected from each of these points which reaches the
sensor will produce an output dependent on several quantities:
1. The size of the radiating area dA.
2. The effective intensity of the Light incident
upon dA, which is the cosine of the angle between
S and N or <S,N>.
3. The cosine of the angle between N and P* or
<N,P*>/p* (Lambert's law).
4. The albedo factor a(^, 6) (reflectivity efficiency)
i ,	 applicable at the point.
S.	 The square of the distance between dA and the
sensor.
2-5
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6. The angles at which the light from dA enters the
sensor.
7. The response of the sensor to the incoming light,
which is a function of the on- and off-axis entrance
angles o and w.	 t:
y
Thus, the output of the sensor v a
 due only to albedo is given by 	
E
V
	
1 r:Lr Co . w ) a	 0) < S ZN > <N o P *> dA
a	 j(p*) 3
AinAv
Equation (4) is the well-known "albedo equation," modified only
in notation and the fact that the albedo factor and sensor response
functions appear within the integral as weighting functions.
The terms a and w are the on- and off-axis angles of the light
entering the sensor (ref. Fig. 2-2) in sensor coordinates E S.
Expressions for these quantities will be developed later in this
section.
t
The factor 1 /fr is a result of the assumed Lambertian radiator law;
a heuristic justification for the factor appears in Appendix E.
One of the p*'s appearing in the denominator of Eq. (4) is
associated with the <Na"*> term and is not a misprint.
2-6
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Fig. 2-2 Definition of Sensor Illumination Entrance Angles
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The area over which the integration is performed is the inter-
section of two general regions: Ai , the illuminated portion of
the earth and Av , that area of the earth visible from the satellite.
Thus,
Ai	 <NtS> > 0 }	 (5a)
A  = {(1.^^,e)	 <N,P*> > 0}	 (Sb)
These conditions will now be used tc derive analytical expressions
for the boundaries of A i n Av.
The differential area dA appearing in Eq. (4) is given by
dA = s ^ de dO	 (6)
and the computer program which evaluates Eq. (4) integrates in
just that order; it steps ^ between minimum and maximum values
and, for a given 0, allows a to range between its bounds. The
problem, therefore, is to determine the bounds on ^ and 6 such
that
r
i WV
min	 max
rt
3.
i^
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which implies the double constraint
0<^<^r
-7r/2  < 0 < 7r/2
Recalling that
P* = Q - N
allows condition (5b) to be written as
<N, (Q - N)> > 0
or
<N,Q> _ (s^cesE + coc^)q > 1
2tr
Due to symmetry, the extreme values of 0 occur when a
	 0, so
Eq. (12) becomes
r
i°
s,
}
i
x
(9a)
(9b)
(10)
(11)
(12)
c(^	 = c(^	 1/q 	 (13)
" b	 s ides
	
hTaking inverse cosines or ot h ^, es of Eq. (13) , remembering	 tt a
this operation reverses the direction of the inequality, gives
cos -1 (1/q ) < ^ < 9 + cos ' 1 ( 1 / q )	 (14)
Cos - (1/q)
	
(15a)
max
Q	 - cos-'(l/q)
	 (15b)
min
_y
2-9
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,ondition (9a) must still be satisfied, so Eqs. (15a) and (15b)
should be modified as follows:
	
= MIN (9 + cos -1 (1/q), 7r)	 (16a)
max
	
MAX ( - cos 1 (1/q) , 0)	 (16b)
min
Next, the bounds on 0 are developed. Returning to Eq. (1,2) and
assuming that ^ satisfies Eq. (14) , we have
ce > 1---C ^ C^ 	 (17)
s^s^
It is desirable to express Eq. (17) in terms of an aresin function2.
Rewriting Eq. (17) gives
2	 22 1/2
6 < sin 	 (s E	 c	 + 2cocE/a _ 1/Q )	 (1$)sus	
riax
Note that a must also conform to Eq. (9b). Assuming that e = ±7 /2
in Eq. (12) gives
c^ > 
q^	
(i9)
So,
-7/2 < e < 7r/2	 for 0 >
	 (20a)q
e < e < e	 for c^ >	 (20b)
max — r max	 q	
.
GAE
2The ,calculation of	 ,	 and e should be performed using sin 1
max min
	 max
or cos 1 functions, depending on the arguments ' of the inverse func-
tions. -Optimum sensitivity can be obtained in this way,
2-10
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tS
	
S	 iThus, Eqs. (16) and (20) define the boundaries of the region
A i n Av,
We,now turn to the problem of orienting the spacecraft with respect
to the earth and determining the angles at which light enters the
azimuth and elevation sensors.
_.5
The spacecraft
	(and its coordinate system E S ) is placed in an
arbitrary orientation by aligning it initially to EE' and then per-
^u farming three ordered rotations:
is t rotation: p degrees about the roll axis.
2nd rotation: a degrees about the elevation axis.
3rd rotation: a degrees about the azimuth axis.
Thus,
ES	 T3 ( a ) T 2 ( e ) T l ( p ) ER	 TER 	 (21)	 {
Additional reference frames, Ea
 and E e , are associated with the
azimuth and elevation sensors respectively S
 and are related to E
as follows:
Ea ES (22a)
.	
^	 e	 SE = T l ( -Tr/2) E	 (22b)
	
ry	 a	 S.
	
G -	 The choice of T l {- tT/2) results .n E 3	 E2 that i's, the elevation
sensor's sensitive axis E e
	
.n	( 3) is aligned to the vehicle .elevation
axis E.
,.
2-11
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P* is first transformed into spacecraft coordinates by means of
I"'q. (21)	 that is,
P SI
P*S	 	 *R p*a
P2	 TP	 (23)
S
L P3
The on- and off-axis light-entrance angles, a and w, can be then
obtained by writing P* as follows (see Fig. 2-2):
S_
ccr
a 
cW a 	 -P
S
_P* a
	sa cW
a 	 2_P	 (24)a 
S
swa
	 _P3
so
0.	
S 
I
-P
a	 tan	
2
 S'	 (25a)
L 3)
W
a	 sin	 P3 	 (25b)1
These are the entrance angles associated with the azimuth sensor.
For the elevation sensor, P* is first transformed into E e to give
p* e	 ST l (-7/2) P*	 (26a)
1 0 0	 pS
 1
0 0 -1	 Ps	 (26b)2
0 1 Oj	 S
P3
2-12
(27)
-PS]
p 
3
_PS2
ccrecWe
- p * e = saecwe
sweI:
I	 =a
s	 ^,
4t
if
r
F70- 00
S
PI
-PS3
S
p2
As in Eq. (24) , we have
(2bc)	 if
or
e 
= tan -1 {p3/ -PS (28a)
w e = sin -1 {-p2} (28b)
These	 the the elevation sensor.are entrance angles associated with
One further simplification can be made in the integrand of Eq. (4).
The quantity <S,N>, when evaluated, becomes simply
<S N> = s c® 29
Equation (4) can now be rewritten in a more explicit form.
Remember that the integral will have to be evaluated twice;
once for the elevation sensor and once for the azimuth sensor.
This is reflected by the subscript j	 (= a, e) appearing in Eq. (30)i''/
ii
2-13
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"o 2', w	 Synopsis of Equations
The albedo integral to be evaluated is
8W
max max
v - 1	 v(c- ,w^) a (^, 8) <N' P*> cOs 2 d0 d^
a 7  
min max
j = a, a (for azimuth, elevation)
where
$	 MIN(9 + cos -1 {l/q), fr)
max
MAX(9 - Cos - 1 {l,/q} j 0)
min
2	 2	 2 1/2
sin-1_ ( s ^	 c ^_+ 2cLVq - 1/4 )
	 for	 1S^ s ^	 4-CT
8 =
max	 17r/2	 for c^ ? act
, p S
oa	 tan-1	 S
p3
a =Wsin, 1 p3
S
P3Q e	 tan-1	 S
_pl
We	 sin - -p2
(30)
(31a)
(31.b)
4
ff
(31c)
(31d)
t
(31e)
(31f)
(31g)
x
2-14
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2.3
	
REFRACTION ANALYSIS
2.3.1	 Assumptions
The analysis of atmospheric refraction was simplified, but not to
e	 1AA
the point of producing invalid results in the large, by assuming
that (1) the index of refraction of` the atm^t;phere is a function
only of radial position; that is, it varies only with height off
the earth's surface, and (2) the atmosphere is dispersionless;
that is, the index of refraction is not a function of wavelength.
2.3.2	 Introductory Mathematics
n
The following analysis of refraction is based on variational
calculus. For those who are not familiar with the subject, these
few paragraphs will serve as a brief introduction to the basic
ideas.
II
Variational calculus and differential calculus are related in
that they can be applied to solving minimization problems. It
	
w	 is only the mathematical object ,beng minimized which is different.
In the case of the differential calculus, those things being
minimized are called functions. A function is something which
returns a number if one or more other numbers are supplied to
it, and the minimization problem in differential calculus is
to find what number(s) must be fed into the function of interest
to cause it to generate a smallest number in return.
30r for that matter, a largest; the only difference between
minimization and maximization problems is the algebraic sign.
2-15
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The means of determining these minimizing numbers is well known.
For a function f of the simple independent variable x, one sets
the derivative of f equal to zero, thereby obtaining an algebraic
equation whose solution is 'the extremizing number. Thus,
ax f (x) 
sgt 
0	 (32)
and the resultant solution will produce an "extremum" - either a
maximum or a minimum value for f.
The variational calculus is con..erned with a very similar problem.
The only difference is that in this case funetionats, rather than
functions, are being minimized. And what is a functional? It is
a mathematical object which generates a number when it is given,
as input, one or more functions. Thus, functions generate numbers
from numbers; functionals generate numbers from functions. An
example: Given two points A and B, there are an infinity of
functions whose pictorial representations (graphs) pass through
A and B. Singling out any of these curves, the length of the line
between A and B can be computed. 4
 The formula used to compute
this length is a functional because the number it generates (arc
length) depends on a function.
The determination of what function extremizes a given functional
is what the calculus of variations is all about, and rules
analogous to Eq. (32) have been developed.
4L refiise, in this repor^c , to be concerned with the) behavior of
pathological functions, whose length is a mystery.
e
F70-09
For instance, many common functional,s occur in the form
L(y)= f y,d,x )  dx	 (33)
and in this case, a necessary condition for L to achieve an extreme
value is to choose the y which satisfies the following equation
[which is the analog of Eq. (32) ] ;
ofd (af	
= o
ay - ^ ay f" (34)
Wr
-fp
where y' = dy f dx.
The situation here is somewhat more difficult than in the calculus
of functions, for whereas Eq. (32) results in algebraic equations
which must be solved, Eq. (34) produces differential equations
which, almost invariably, are hopelessly nonlinear. Nonetheless,
solutions to Eq. (34; can be found (sometimes analytically but 	
r
probably only numerically), and when this is done, what we have
is a good candidate for a function which makes Eq. (33) produce
an extreme value. To be sure, sufficiency tests must be made (as
in differential calculus) or physical reasoning must be used.
The latter technique l^'was used in the refraction analysis which
follows.
2.3.3	 Geometry	
II
The assumption that the atmosphere's index of refraction is a
function only of the distances above the _ earth's surface reduces	 ti
the analytical problem to one of two dimensions. Thus, the
refracted ray always lies in a single plane which passes through
the center of the earth.
2-17
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In Fig. 2-3, the light ray is depicted by the curve C and a 	 =
differential element of arc length along it is ds. The vector	
r
from the earth's center to ds is R and it is displaced from the
reference line by an angle . Thus, the path traced out by the
7	 r	 plight ray is given as R(^) .
2.3.4
	
Development of Equations
t
Fermat's principle states that a light ray traveling between two i
points in space will follow that path which results in the transit
time bein g minimized.
Suppose a light ray is propagating through the earth's atmosphere.
The index of refraction of the surroundings is a function of posi-
tion, and the time of propagation is obviously a functional of
	
t
the path.
i
The time required to traverse the element of arc-length ds on C
	
j
is
	dt _ ds	 (35)
Mft
where v is velocity. Hence, the functional (time) to be minimized
is
t
 =^ds
	
v	 (36)
C
5M. Born and E. Wolf., Principles of Optics, Second Revised Edition, ILI
MacMillan, New York, 1964, Chapter 3, page 128.
4
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Now assume that the index of refraction of the atmosphere i7 a
	 3*'
function of radial distance r (= (R O only. Denoting this by n (r)
g ives
	
V - ncr	 (37) k
where c is the speed of light in vacuum. Equation (36) now becomes
t = 1/c.
	
	
n(r) ds	 (38)
C
In the coordinate system shown in Fig. 2-3, ds is expressed as
	
(ds) 2 = ( r d^) 2 + dr 2 	(39) }
so Eq. (38) takes the form
1/2
t = 1/c ` n ( r ) [r dd^^ + dr 2 ] /	 (40)J	 E
Factoring out d^ and using the notation f
dr
	
r a^	 (41)
permits Eq. (40) to be rewritten as
'
t	 1/c J n ( r) {r2 + (r) 2 
1/2
}	 d^	 (42)
C
which is a particular case of the gene ral form
t = f f(r,r,E) d	 (43)
;e.
2-20
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A necessary condition to enable Eq. (43) to attain an ext2emum
is that
	
5	
j$
i
of _ d of _
ar	 a 	
0	 (44)	 I'
Now, with f = n(r) {r 2 + (r) 2 	 application of Eq. (44) results in
theof 11ow1ng differential equation for extxemizing; curve C.
d2  
_ 1	 [r2 + (dr 2] [r2 dn + rn + r2 dr n
	
45
	
r 2n	 Ur	 T	 ( )
There is little hope of solving Eq. (45) analytically, even for
well-behaved n r functions so the job was( )	 ,	 ^	 done numerically. The
	
k	 algorithm used to solve the differential equations (fourth-order
Runge-Kutta) requires that equations of order p be expressed as p
first-order simultaneous equations.
Defining
r1	 r	 (46a)
dr
r =	 46b)2 U
permits Eq. (45) to be written as
drl (47a)
r2
dr
	
2	 (r1 + r2
)(r2d am- + r1n + r r2 	 (47b)
r1n	 1
6L. E. Elsgolts, CaZcuZus of Variations, Permagon. Press, Oxford and
New York, 1962.
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2.4
	
ATTENUATION
2.4.1	 Assumptions
The atmosphere is assumed to be a single absorber which attenuates
light in the same manner as a colored glass filter. The extinction
(or absorption) coefficient is assunled to be a point function of
position.
mot
'o2.4.2	 Development of Equat i ns
Let B be the energy incident upon a infinitesimally thin sheet of
absorbing material. The change in energy dB through the sheet is
assumed to be proportional to the incident energy and the path
^xlength ds. Thus,
-
	
dB - -pB ds
	 (48)
f
where p is the proportionality factor. The negative sign indicates
an energy loss. Rearranging gives
	
B	 s.
2 dB	 2
B	 p ds	 (49)
	B1	 s1
f
Now if p is constant, Eq. (49) can be integrated to give the common
expression for transmission through the medium:
BZ - -p(s - s )
B s	 Z l	 (50)1
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Section 3
COMPUTER IMPLEMENTATION
This section presents a detailed description of the computer pro-
gram which was written to solve the albedo equations. A fair
degree of computer language expertise is assumed on the part of
the reader; a good knowledge of FORTRAN plus some familiarity
with operating systems is a prerequisite for d .gest? . ng the
material.
A reading of th=is section will in no way make the results of the
study (presented in Section 5) clearer to the reader.
3.1	 COMPUTER USED
The computer that was used to develop the albedo analysis program
and to rune it, as well as the already , existing refraction and
attenuation programs, was an TBM 1130.
BBRC ' s 1130 configuration has an 81.92 -word memory, a type 1132
line printer, type 1442 card reader, type 1134 paper tape reader,
type 1627 plotter, and a single disk drive capable of storing an
additional 512,000 words.
Residing on the disk, and callable via control cards, are FORTRAN
and RpG compilers, an assembler with macro capabilities, utility
programs which facilitate disk housekeeping, and a supervisor
program which watches over the whole operation.
3-1
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Although the 1130 is a small and relatively slow machine, it was
chosen from the many available in the area for several reasons.
•	 It is the computer the author is most familiar
with.
•	 By using the software to its fullest capabilities,
core overflow problems can be circumvented.
•	 It is quite inexpensive.
•	 It is operated in an "open- shop" environment.
The engineers and mathematicians operate the
computer themselves, thus effecting virtually
instantaneous turn- around Y- a most valuable asset
during the program debug phases.
The !BM 11.30 programming system restricts program and subprogram
names, as well as variables and addresses, to a maximum of five
characters. The resulting names are often curiosities which make
sense only after a unique phonic facility has been developed by
the reader.
3.2	 FEATURES OF THE ANALYSTS SYSTEM
The albedo analysis system consists of several main programs
which perform analysis and housekeeping functions and a host of
associated subprograms. All of the programs and subprograms are
written in FORTRAN except for one of the minor mainlines w1,ich
is in assembler language.
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3.2,1	 Primary Program: 11LBDO 11
The basic task of "LBDO", is to solve Eq. (30) in Section 2. A
two-axis sensing system composed of orthogonal, identical sensors
is assumed. In the'process of evaluat ing Eq. (30) the program
h
•	 Determines the boundaries of integration (Eqs .
(31a) to (3101.	 a.
•	 Performs the necessary coordinate transformations
(Eq. (21)].
•	 Computes the entrance angles, for both sensors,
1	 of light radiated from dA (Eqs. (31d; to (31g)].
`t	 R
•	 Computes the resulting output from each sensor.
•	 Computes the albedo factor for that particular dA.
	 j
u:{	0	 Calculates pertinent angles and distancQs.
1
•
	
	 Accumulates incremental contributions during the
numerical integration.
r
x^
r
When the albedo-induced sensor outputs have been computed, the
program transfers to "null-seek" mode, That i's, it determines
the solar-point offset which would,produce the same signal as the
albedo just calculated and alters the attitude of the sensor-
y`	 accordingly. Of course, the sensor now views a slightly differentf
portion of the earth, so the program loops back to recalculate the
albedo output again. This process is continued until, the- aet
alignment correction is less than a specified amount. (For the
problem treated in this study, a value of 3 arc - seconds, was used.)
ru
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In addition to the arithmetic, the program performs other mundane
chores such as reading data, printing results, detecting certain
errors, storing pertinent data on the disk, and so on.
Some of the more salient features of the "?LBDQ" program, are the
following:
1. Data can be entered either from the console key-
board or via the card reader, thus providing
on-line control by the operator or batch-mode
operation.
2. The sensor angular response characteristic is
defined within a subroutine, as is the spatial
albedo factor. This permits easy, rapid sub-
stitution of functions for different applications.
3. The maximum number of iterations of the null-
seeking loop is specified at the beginning of
the run. By setting this parameter to 1, the
null operation can be bypassed in those applica-
tions where sensor output alone,- rather than
pointing errors, is desired,
4. There is no restriction on sensor alignment with
respect to the earth-bound reference coordinates.
S.	 A given run can be aborted in two ways: fatal
and nonfatal. The fatal abort is used when the
run is patently invalid. All data is scrapped
and new data is requested. The nonfatal abort
was incorporated because of the long-run time
(>30 minutes) per iteration. Another computer
1
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user may have a very important, but short, job,
and it would be unfair to make him wait for
.several hours until the "LBDO" solution converged.
When a designated sense switch is thrown, the pro-
gram will store all the parameters pertinent to
the run on a disk data file. These parameters
(the "state vector") include the fact that' a non-
fatal abort was performed and where in the program
the sense switch was thrown. By retrieving the
state vector at the beginning of the next run,
computations can be resumed where they were broken
off.
6.	 Two core-saving techniques are used due to the
limited size of memory. One of these is the "sub-
routine overlay" feature of the 1130- mrnitor pro-
gram. Normally, all the subroutines required by
the program are placed in core with the main pro-
gram. This takes up space, but the subroutine ,.s
there when you need it. The overlay feature
permits certain specified subroutines to reside
on the disk until they are needed, at which time
they are read into a special "overlay area" in
core, wiping out the last routine placed there.
Thus, a great deal of space is saved at the
expense of fetch time.
J
Another space-saving trick is to store, on the
disk, the majority of the many titles, headers,
and messages printed by the program and then read
them into a single buffer as required. This
technique has the added advantage of making it
possible to alter the messages."without recompiling
the main program.
mom.
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7.	 An array of eight general-purpose storage locations
is assigned within the program and can be referenced
by any of the subroutines and usod as required. For
instance, a circular angular sensor response function
could be defined using one of the constants for the
radius and another for the output level. The sub-
routines can be made even more general in this way.
3.2.2
	 Associated Utility Programs
As was mentioned earlier, several main programs have been written
to support "LBDO". Their basic functions will now be described.
"LBDOD". This is a special program which handles data processing
for the SS1090 angular response characteristic. It performs raw-
data conversion, stores the data in a disk data file in an orderly
manner, and plots the stored data. The data can be stored and/or
plotted either as individual records or as a full block. The data
file used is named "LRD0111.
The program was designed to handle SS1090 data only and would
	
IDI
apply to other tabulated functions only by coincidence.
' 7 LBDOM". This program manipulates the data file which 'colds the
various titles, messages, and headers required by "LBDO". It
permits given messages to be added, altered, or moved within the
file and can print the entire file on the line printer. The data
file used is "LBD0311.
"LBDOQ''. During the evolution of "LBDO" various capabilities were
added which were not a part of the original program concept.
Sequential modification level numbers were assigned to the program
as these changes were incorporated, and one of the disk-stored
headers p
 rints the curr ent "mod'' level
^P
3-;6
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The computer uses many different data codes for character repre-
sentation. In this particular case, the mod level is stored in
EBCDIC, 7
 which is not particularly well suited to alteration via
	
,.	 arithmetic operations. Thus, " LBDOQ" was written in assembler
language to read the new mod level number from the console key
board, convert the quantity from keyboard code to EBCDIC, and
then patch the data file.
3.2.3	 Subroutines
It 2M
The following function subprograms and subroutines are used by
the albedo analysis system. Their descriptions include the type
of subprogram it is, its name and calling sequence, and the
	
1	 function it performs.
Function RSPNS (ALPHA, OMEGA, KROUT). If K ^ 0, the function
prints an identifying title on the line printer. If K = 0, the
sensor response is computed for light entering at the on- and off-
axis angles ALPHA and OMEGA respectively. These angles are in
degrees. The units of the sensor output are whatever makes sense
to the	 , ..r at the time.
Function TWEEK (V, ANGLE). 7i.ven the output SIGNL of the sensor
and the off-axis angle OMEGA of the sun, TWEEK computes the on-axis
angle (in degrees) required for the sun to produce an output equal
to SIGNL,
Subroutine MESAG (MESNM, NDVIC) . This subroutine reads a selected
literal field (message, header, title, etc.), specified by NUM,
from data file 4 (= LBDO3) and outputs this field to I/O device.
number NDVIC. NDVIC = 1 corresponds to the console typewriter
NDVIC	 3 corresponds to the l ine printer.P
?Extended Binary Coded Decimal Interchange Code..
r	 3-
Rr
r
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Subroutine LBDOZ (NUMBR). This subroutine reads an eight-character
routing word from the console keyboard or the card reader, depending
on whether "LBDO" is in on- line or batch input mode. The subroutine
compares the routing word to a list containing the lA terals "KEY-
BOARD", "CARD", and "QUIT". If a match is found, the variable NUMBR
is set equal to 1, 2, or 3 respectively. These numhcrs are then
used by "LBDO" to alter the input mode. If no match is found, the
routing word is re-entered or NUMBR is set equal to 4, depending on
whether the keyboard or the card reader is in control.
Function ALBDO (THETA, PHI). This routine returns the albedo factor
as a function of earth surface coordinates a and ^ (see Fig. 2-1).
0 and ^ are assumed to be in degrees.
Subroutine CRDMP. CRDMP produces core dumps of real common for
debugging purposes. Its action is controlled by data switches 6
and 7. If data switch 6 is up, a core dump is cbtained if either
sensor output is not 0.0; if data switch 7 is up, a core dump is
obtained regardless of the sensor output.
Subroutine ROT1 (VECTR, ANGLE) . This subroutine performs an ortho-
normal rotation about the 1 axis of the vector VECTR through an
angle -(ANGLE). ANGLE must be supplied in radians.
Subroutines ROT2 (VECTR, ANGLE), ROT3 (VECTR, ANGLE). These are
identical to ROT1 except that rotations are made about the 2 axis
and 3 axis_.
Subroutine XNORM (VECTR, LNGTH) . Given the 3-vector VECTR, this
routine transforms it to unit length and also returns LNGTH, the
magnitude of the original;, untransformed vector.
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Real Function INNER _(A, B) . Given the two 3-vectors A and B.
this routine computes their inner (or "dot") product. That is,
3
INNER = . I 1 ajb^
J
Subroutine GRAF (MAX, TITLE). This subroutine initializes, scales,
and then draws the coordinate axes for program "LBDOD". MAX is
the maximum y-axis value, TITLE is an array containing title
information to be written along the y axis.
3.3	 PROGRAM USAGE
In the following directions on program usage, samples of execution
decks are given. The data appearing on these cards must be placed
in particular columns. No attempt i:, made to specify such place-
ment in this write-up; the reader is referred to ,
IBM 1130 Disk Monitor System, Version 2
Programming and Operator's Guide
GC26-3717-6 (or later)
for such particulars.
3. 3 ?,^
	
"LBDO"
Before the program can be executed, the general--purpose subprograms
INNER, MESAG, LBDOZ, XNORM, ROT1, ROT2, and ROT3 must be stored on
the disk. The subprograms which, are changed from application to
application, RSENS, TWBEK, and ALBDO, or their equivaZents must be
on the disk as well.'
II
rr-I I
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	Normally, to change one	 the subprograms, e.g., ALBDO, the old
routine would have to be deleted from the disk and the new 'version
stored. This is a time-consuming and annoying process which can
be,circumvented by using thb *SQUAT facility of the 1130 monitor.
At the time of program execution, subprogram substitutions can be
made by including an *SQUAT (SUB1, SUB2) card in the execution
deck. Then wherever the main; program calls SUB1, subroutine SUB2
will be called instead. Thus, a host of albedo-factor-defining
functions can be stored on the disk simultaneously, all under
different names, and the desired one specified on an *EQUAT
record at run time. The same holds for the RSPNS and TWEEK
routines of course.
The required execution deck is shown below.
// JOB	 01
*EQUAT (RSPNS, RSPN1), (ALBDO, SUBX)
// XEQ	 LBDO
	
02
*FILES (1,LBD01), (2,LBD01), (4,LBD03), (S,LBD04)
*LOCALLBDO,ROTJ.,ROT2 ,ROT3,RSPNS,TWEEK,MESAG,LBDOZ
If no subroutine substitutions are to be made, no *EQUAT card is
needed and the 01 is deleted from the // JOB card.
As execution begins, the console typewriter prints a header giving
the program name and current modification level. It then 'commences
listing the required input variables. As this is a somewhat
lengthy process, the printout can be suppressed at any time by
turning data switch 0 on.
Fi t'
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Next comes a short dialog between the computer (via the type-
writer) and the operator (via the keyboard). The date, operator's
name, and I/O routing word are requested and must be supplied when
called for. Up to 20 characters can be used for the date; up to
30 for the operator's name. The routing word must be KEYBOARD,
CARD, or QUIT.
	 '
A QUIT entry tidies up the program, stores the state vector, and
exits to the monitor.
A KEYBOARD entry continues the machine-operator conversation,
since now all the data for the run must be entered through the
keyboard. First, a run title is requested. Eighty characters
are allotted, not all of which need be used, of course.. Next,
initial position and alignment data is requested. Enter separately,
on F10.3 format, the following parameters.
h: Vehicle altitude (kilometers).
^: Vehicle-terminator angle (degrees) .
a: Sensor azimuth angle (degrees).
E: Sensor elevation angle (degrees).
p: Sensor roll angle (degrees).
ERRMX: Upper bound on sensor alignment correction
(arc-minutes)
The next request is for the maximum number of null-seeking itera-
tions to be permitted, Enter this on 13 format.
H
Finally, the eight arbitrary constants C j ,
subroutines may need can be defined. This
entering the subscript j on I1 followed by
F10.3. The order of j's is immaterial, an
1 < j < 8, which the
is done by first
the value for C  on
d you can change your I
rM E
7. :l
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mind and redefine a value if desired; the values you get are the
last values entered. If you fail to define a particular constant,
it retains the value it had during the last run. In the beginning,
I created all the constants to be zero, and this is what they will
be if they have never been changed. To leave this loop, enter a
value for j which is outside the range specified above.
The program now goes into computation mode. When completed, it
loops back and asks, via the typewriter, for a new routing word.
A CARD entry transfers control immediately to the card reader,
where data cards must be waiting. These data cards are grouped
into "data packages" of three or four cards; one such data package
is required for each run to be made. A data package consists of
the following cards:
Card 1: TITLE (80 characters) .
Card 2	 H, ^, a, e, p, ERRMX, ITMAX, J (6F10.3, 13,
1X, Il).
Card 3:	
C 
	 (j = 1, . . ., 8) (8F10.3).
Card 4: Routing word (KEYBOARD, CARD, or QUIT).
Note 1: ITMAX is the maximum number of null-seeking iterations
permitted.
Note 2': J is, a flag which indicates whether constants are to be
defined on Card 3 (J # 0 or blank) or whether Card 3 is
omitted (J = 0 or blank) . In the latter case, Card 4
becomes Card 3.
At the completion of a card-generated run, the routing-word card
is read and the appropriate action is taken.
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During the computation phase of the program, there are several
useful options the operator can exercise.
Percent Completion. Data swatch 5: The current iteration number
and its degree of completion is typed. This information is useful
in calming a queue of anxious users.
Core Dumps. These are limited-area core dumps; only the real
(as opposed to integer) variables pertinent to the program are
dumped. The format is decimal rather than the more common hexa-
decimal (base 16) .
Data Switch 6: A dump occurs only if one of the sensors had a
nonzero output for the last dA processed.
Data Switch 7 A core dump occurs regardless of the sensor's
output.
Fatal Abort. Data Switch 10: Computation stops immediately and
a new routing word is read, either from the keyboard or card
reader depending on the current data -input mode.
i
t
Nonfatal. Abort. Data Switch 13: Computation stops and a flag
is set indicating this action as well as where in the program the
abort occurred. All the pertinent data (the "state vector") in
core is then stored in a disk data file, and the program exits to
the monitor.
The next time the program is run, the first thing that happens is
the state vector is retrieved from the disk and the abort flag is
checked. If it indicates that the last job was halted by a data
switch 13 abort, the operator is asked if he wants to continue
that run or not;. He types YES or NO accordingly.
Aft
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3.3.2	 1"LBDOM"
The execution deck for this program is very simple.
JOB
XEQ LBDOM
This program is stored on the disk in core-image format, and all
data file correspondences have been predefined.
The program performs four functions, and the operator types ALTER,
MOVE, LIST, or EMPTY after he has been asked (via typewriter) what
he wants to do. If a 'word other than one of the above four is
entered, the p ogram goes into a short housekeeping loop and then
exits to the monitor.
ALTER. When requested, enter j, the number (or address) of the
message to be redefined on 12. 1 < j < 32. Then type in the new
message. The program loops back and asks for a new "record-to-be-
altered" number. If j lies outside the valid range, a new function
is requested.
MOVE. The typewriter prints XX TO YY. Enter XX (the address of
the record to be moved) and YY (the destination address) on I2,
4X, 12 format (e.g., 27 TO 04 can be entered, although the TO is
superfluous.) In the process, the original YY record is lost,
the original XX record is retained. Both XX and YY must lie in
the range 1 < XX, YY < 32. If an invalid address is specified, a
new function is requested.
LIST. The contents of the entire message file is printed on the
1132 printer. Blank messages are omitted from the listing.
F.
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EMPTY. The entire fil; is filled with blank messages. This
function is used only during file initialization or by vandals.
A new function automatically is requested upon cot,,pletion of the
latter two options.
3.3.3	 "LBDOQ"
The execution deck for this program is
JOB
xaQ LsnoQ
The following message is typed out:
I`	 ENTER NEW MODIFICATION LEVEL (SINGLE DIGIT)
The program is now ready to accept the new mod-level number, but
since the program is written in assembler language, the keyboard
and typewriter behave differently than if coded in FORTRAN. A
' carriage return does not occur ., only one digit can be ente red, and
when it is, the EOF button need not be pushed.
The modification level is altered and program "LBDOM" is executed
e^automatically; no execution deck is needed for it.
3.3.4
	 "LBDOD"
n This is a particularly specialized program whose only function is
A.
'	 to load SS1090 sensor response data to a data file and plot it.
The program is not general enough to be af yd to 'load other response
Y
characteristics defined as tabulated points, so a ,dscu.ssion of its
operation is not included. If necessary, its structure and use can
k
	
	 be easily deduced from the program listing which appears in
Appendix B.
I	 ^^
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Section 4
MEASUREMENT OF SS1090 RESPONSE CHARACTERISTICS
At the time the acquisition sensors were being built and tested,
the knowledge of their susceptibility to albedo had not yet become
a requirement. Sine they were to be used only as null-seeking
devices, only their on-axis characteristic,a vere measured.
With the advent of the current study, however, the sensors behavior
to light entering at large off-axis angles had to be known. For-
xtunately, one of the SS1090 units (serial number 007) was at BBRC
for rework. It was taken to the BBRC sun-test facility and its
output was mapped over a large region.
Since the response function was to be used in a digital computer,
the sensor output was sampled at discrete points by a digital
voltmeter and the readings printed by a digital printer.
Data was taken on only the azimuth sensor (yaw output channel)
and only for positive on.-- and off-,axis angles. It was assumed
that variations between sensors and individual quadrants of sensors
were minor and would produce only second-order effects.
As the data was taken, the sensor was oriented by the same series
of rotations used in the analysis; that is, the sensor was offset
a given angle in elevation and then rotated in azimuth (ref. Eq. 21,
Section 2).
The sensor output was measured over the range 0 to 45° in both
axes at 0.5 increments. Thus 8281 samples were taken. To
facilitate the gathering of this much data the process was partially
mechanized-. The elevation axis had to beositioned manually, butp	 Y^
the azimuth axis was motor driven through a worm reduction gear..
' t i
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Attached to the motor shaft was a dimpled wheel which tripped a
microswitch every 0.5° of azimuth axis rotation. The micro-
switch in turn triggered a digital voltmeter which sampled the
AGCed sensor output and printed the result. It is estimated that
the data was taken within 3 arc-minutes of the desired orienta-
tions.
To prevent skylight from affecting the readings, a large baffle
was constructed and mounted to the sun-tracking fixture. A black
felt shroud covered the entire setup.
The test arrangement - baffle, shroud, trigger wheel, etc. - is
shown in Figs. 4-1 through 4-4.
The resultant data was streamed into the computer, processed, and
plotted. These curves are also included. Figure 4 - shows a
family of response curves with sensor output given as a function
1 i
	 of azimuth angle. Each curve is for a different, constant eleva-
tion ang''e. It can be considered as depicting slices out of a
three-dimensional surface. Thus, sensor output is the vertical
axis, azimuth angle is the horizontal axis, and the elevation
angle axis conies out of the page. The slices are made parallel
to the sensor output-azimuth angle plane.
Figure 4-6 is an isometric view of the response surface. For
clarity, it is plotted only over the range 0° <. azimuth-< 12°
and 0° < elevation < 30 0
 .
The angular response  characteristic of the .sun presence detector,
before the level-sensing electronics, was also measured. Since,
for the purpose of this study, the ciaracteristic could be con-
sidered radially symmetrical, only one curve was taken.
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Fig. 4-2 SS1000 Test Fixture Light Shield
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Section 5
RESULTS
5.1	 ALBEDO ERROR NEAR TERMINATOR IN SUN POINTING MODE
The satellite was placed 435.5 km above the surface of the earth
and at angular displacements from the terminator varying over the
range -15 0
 < ^ < +10°. At each position the null point between
solar and albedo outputs was found by directing; the computer to
perform iterations until the angular corrections were Less than
3 arc-seconds.
A constant albedo factor, independent of earth coordinates (0,8),
of 0.6 was used, and the sensor was aligned to concentrate maximum
}	 albedo effect i,n the elevation sensor. The azimuth sensor was
unaffected because of symmetry. (See Section 2 for a definition
of "azimuth" and "elevation" sensors.)
This elevation-sensor pointing error is plotted as a function of
in Fig. 5-1. The worst error is found to occur over the range
-11° < ^ < +1°, where the error ranges approximately between 22
and. 34 arc-seconds.
A curious dip occurs in the error curve in the vicinity of C = -7'
and is a result of the unique shape of the SS1090 angular response
surface. Figures 4-5 and 4-6 show this surface to be composed of
two primary parts: a high-output center region of limited width
and breadth, and a relatively low-output region of extended size.
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The peak occurring at	 = -9.5° is due to albedo entering the
sensor in its high-output region, The satellite is coming up
on the terminator, the sun is appearing over the horizon, and
the narrow band of illuminated cloud cover is just below the
n
:	 null axis. Thus, it produces a high output because the sensor
is very sensitive in this region, despite the limited narrow
band of this sensitivity. The low-sensitivity region, which
responds to light sources far off the null axis, is still viewing
the dark portion of the earth.
As the vehicle moves toward the terminator, the band of sunlit
clouds drops away from the null axis and its effect, and hence
the pointing error, begins to decrease.
Soon, however, the low-sensitivity area of the sensor becomes
more and more affected; its wide field of view more than makes
up for its limited response, and the net error increases again.
Finally, as the vehicle crosses the terminator and continues on
its way, smaller and smaller areas of earth fall into the sensor's
field, the albedo- induced output decreases, and the error diminishes
to zero at t = 100.
The actual response data for the acquisition sensor (Figs. 4-5
and 4-6)^,., as not used to generate the error curve, Fig. 5-1,
because of the excessive computationtimes required. The data
was stored in 91 rows of elevation angles, each holding the out-
puts at 91 azimuth angles. Given the azimuth and elevation angles
(a and w) of an incident light ray, the bracketing elevation-angle
row's, and then the bracketing azimuth angles had to be computed,
The four tabulated outputs which surround the desired part then
had to be fetched from the disk and a two-dimensional inte-rpola-
tion operation performed (see Appendix D) to get the sensor output..
The process was then repeated for the orthogonal sensor. The
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result of these machinations was a three-hour iteration period -
six hours per data point.
The measured response functions (Figs. 4-5 and 4-6) were instead
used to model ar. approximate analytical substitute. This model
is included in Appendix B. As a check, the counterfeit was
checked against the real data function in the area 9 = -9.5'
 .
The analytical model produced a slightly smaller error - by about
1 arc-second.
5.2	 REFRACTION AND ATTENUATION EFFECTS IN SUN POINTING; MODE
Equations (47a) and (47b) were solved using a fourth-order Runge-
Kt,.tta algorithm; the integration increment ds was 100 meters. The
function used for n(h) was
n(h) = 1.0 + 0.000338 e-0.12542h
	
(SZ)
t
^r
where h is the height from the earth's surface in kilometers. This
function was derived by least-squares techniques operating on data
given in
"The Effect of Refraction on the Setting Sun
As Seen from Space in Theory and Observation,"
NASA Technical Note D1721 (W. S. Cameron,
J. H. Glenn, M. S Carpenter, and J. A. O'Keefe)
Different runs were made for light rays of grazing elevations
ranging between 4 and 45 kilometers and the total refraction angle
determined. An extrapolation program then computed where in orbit
the satellite had to be when the refracted Light ray Tea hed 435.5
km. Thus the error curve shown in Fig. 5-2 was constructed .; it
gives the total refraction angle as a function of satellite
angular position C from the terminator.
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A manor philosophical point regarding the term "error" should be
made.	 Throughout the greater part of this report, the word "error"
ha ­ meant a deviation from a desired or intended condition. 	 Thus,
the slight angular displacement caused by albedo is an "error"
because the sensor is supposed to point at the sun. 	 In the case
of refraction effects, however, that is precisely what the sensor
f is doing.	 It can't help it if the sun has appeared to :riove.
Hence,	 "error" is really a misnomer, but to invent a really good
describer would be a bother.	 Let us agree on this special inter-
pretation of the term and worry the subject no further.
After each	 ra refracted	 we,s traced	 h -A data was used to evaluatey	 t
the line integral of transmission	 [Eq.	 (51), Sect-ion 2].	 The
extinction coefficient, p(r,X) was taken from
"Handbook of Geophysics and Space Environments,"
Air Force Cambridge Laboratories, Chapter 7,
'Atmospheric Optics',	 (L. Edterman and R. B.
Tool in)
The 3ata is tabulated as functions of wavelength and altitude,
so a two-dimensional interpolation scheme was included in the
transmission program (see Appendix D) .
For each light ray, then, an associated transmission value was
obtained (for X = 0.8 u),
	
and this data is plotted in Fig. 	 5-2
along with the error curve.
x
Since the gain (or scale factor in volts/degree) of the acquisition
sensor in the vicinity of null is directly proportional to the peak
_x
output of the sensor, and this in turn is directly proportional to
the brightness of the source, the transmission curve indic.tes how,'
the gain of the sensor varies with position.
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The curve also shows that the sun presence signal, set to trigger
at 50% of full sun intensity, will drop out at approximately
t, = -220
In tha event the alignment state of the ATM is maintained iner-
tially, during nightime, at the value it had as it moved behind
the terminator, the data presented in Fig. 5-2 will be useful in
analyzing the dawn perturbations the vehicle will experience;. It
will see approximately a two-degree offset in the solar position,
and the attitude control loop will attempt to correct this with
a servo made sloppy by the atmospheric attenuation of sunlight.
5.3	 SENSOR OUTPUT DUE TO EARTH ALBEDO ALONE
If, for some reason, the ATM loses solar pointing, the system will
shift into "search mods" and the vehicle will be augered about
until the sun is found, again.
The question is: If, during this process, the sensor is pointed
at the earth, could the SS1090 sensor output be high enough
to instigate an invalid acquisition?
The answer is	 No.
The "LBDO" program was used to analyze this problem. The ATM
was placed 435.5 km above the earth with
	 90°. This placed
it on a. line between the sun and the center of the earth, directly
over the most brightly illuminated region of the surface.
I
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The roll and elevation angles of the sensor were both set to zero
and a series of runs was made for sensor azimuth angles varying
between 90 and 180" (0° points the sensor at I-1 e sun, 180° points
it Airect3:y at the earth) . The maximum number o C iterations per
run was set at 1, keeping the program out of "null-seek" mode.
Only the sensor c ,utputs due to albedo were desired.
The results are plotted in Fig. 5-3. The output rises from zero
to a maximum of 1.2 volts (10% of peak output for solar illumina-
tion) and then decreases toward zero as both halves of the azimuth
sensor become illuminated more or less equally by the albedo.
For the region 135° < a < 180°, the curve is seen to go berserk;
there is a good reason for this, although the data in that region
is totally invalid. The SS1090 angular response characteristic
was measured using the sun as a target - a circle with a 0.5°
diameter. The optical system of the SS1090 detectors distorts
the target image greatly, and small variations in target size
are completely masked. Very large targets are guaranteed to
cause discrepancies, however. In the albedo mathematical model,
the radiating element dA is sin ^ d^ 0, where ^ and 0 are the
earth coordinates of latitude and longitude respectively. Within
"LBDO." d^ and de are held constant at 0.5° each. Now, where dA
is far from the sensor, e.g., near the horizon, dA appears small,
partly due to the great distance, but primarily because it is
viewed on edge. When dA is located almost directly under the
sensor, however, it subtends a huge angle at the sensor (about
7.4'), and the sensor output comp 1jted by subroutine "RSPN'S" can
in no way be correct.
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As a check, the albedo response curve was recomputed using a
larger dA	 1 x 0.5°. There was no deviation between results
over the range 90° < a < 125°, a slight deviation crept in over
125 0 < a < 135 0 , and an entirely different disaster was produced
over 135° < a < 1800.
This indicates that although the computer simulation produces
erroneous results under certain circumstances, the problem is
confined to areas of little or no interest in this specific:
application. The calculation of peak sensor output during an
earth scan is virtually independent of dA, as it should be, in
the vicinity of maximum output.
The output at 180 0 , incidentally, is correct. Although the in-
cremental outputs that were computed were totally wrong, they
cancelled because of the symmetry of the situation, as indeed
they should.
For clarity, only one half the response curve is given in Fig.
5-3. The remainder is identical to that shown, except that it is
reflected about the point (0,180 0 ). 'In other words, if the curve
shown is called f (cx) , then f (-a) = -f (a) .
Incidentally, during computations for the study phase termed
"Albedo Error near Terminator in Sun Point,-ing Mode," dA was again
located very near the horizon, where the simulation produces valid
results.
5.4	 SUN PRESENCE DETECTOR OUTPUT DUE TO ALBEDO ALONE
During the reacquisition search mode_, the sun presence detector
(which forms a part of th y;, acquisition sun sensor) will produce an
output as it scans the earth. It is of interest to know the
maximum such output which can be expected.
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The situation which will produce the greatest signal from this
detector is that of the vehicle directly between the sun and the
center of the earth and with the detector pointed directly at
the earth. These are precisely the conditions, however, for which
the L,BDO program does not perform well$.
Fortunately, this case is simple enough to be handled analytically.
Certain simplifying assumptions, which tend to give a conservative
result, are made to render the problem tractable.
In the coordinate system shown in Fig. 5-4, the (2,3) plane lies
on the surface of the earth, which is assumed flat, and the 1 axis
points at the sun. The ATM is also located on the 1 axis a distance
h above the earth. Light radiated from dA leaves at an angle y
with respect to the earth's normal and travels a distance p up to
the vehicle. Let "a" denote the albedo factor, assumed to be con-
stant. Then, the output u of the detector, relative to its sun
induced output is
u = a Zf fl  cos yr dr S7r 0 0	 p 2
(53)
where 
'1 is the radius of the circular area on the earth visible
to the detector.
f 8The incremental radiating reas dA could be chosen small enough
	
to produce good results,
	 t	 n	 incre ase	 	 ,	 he executio  time would i r..a
greatly.
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The output of the sun presence detector has been assumed to be
constant over the range 0 < y < y , independent of 0, and zero
` max
elsewhere. This is reasonabl.e . as evidenced by the detector angular
characteristic shown in Fig. 5- 5.
r Equation (53) can be simplified considerably by
f
•	 Replacing p with the constant h.
r
y a 0	 Replacing cos y with 1.0.
n
These simplifications produce a larger integrand, as does the
	
n	 assumption of a flat earth. Equation (53) now becomes trivial:
2 7r	 r
u = -^a	 t f rdrd^
7Th '
	
0	 0
r a	 2h2 r1
As seen in Fig. 5-4,
r1 = h tan( Y )
max
Thus,
u= atan2(Y
	
1	 max
5_13
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Appendix A
MATHEMATICAL NOTATION
A-1/A-2
r
M
rThis appendix is intended to explain and clarify the notation
used in manipulating vectors and matrices. The discussion is
limited to operations in three dimensions
Matrices and vectors (which are invariably written as matrices)
are denoted by upper-case English letters; their components by
lower-case English letters. Angles are given by lower-case Greek
letters. Matrix transpose is denoted by the letter t.
E is the generic term for right-handed orthogonal coordinate
systems. Individual systems are differentiated from each other
by means of superscripts (e. g. , E c) . Rather than give Letter
names to the various coordinate axes (x, y, z for instance), they
are numbered. For example, the base vectors for E  are given as
follows:
	
0
	
0
	
E  = 0
	
EZ = 1	 E3 = 0	 I  ]
	0
	
0
	
1
Vectors are hallowed creatures whose characteristics, both in-
trinsic and in relation to other vectors, are not affected by
choice (or even tota:! absence) of coordinate systems. For com-
putational purposes, however, the vector must be associated with
some reference. When this is done, the vector is superscripted
the same as the reference, For example, the vector V, when
referenced to EC  is written as V c . The components of VC
 are
V  - ,vc v 	
vvc t1	 2	 3
A-3
A-4
rwn ^wuIn III,
k
C-00-
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Most situations utilize a multitude of coordinate systems, and
the transformation of one into another is required for studying
various pertinent relationships betweon thorn. This is accomplished
by performing a series of coordinate-system rotations _ first about
one axis, then about another, and so on tiait i I the f ;i.rst system has
^t
been made to ,:oincide with the second. Tli use transformations are
pure rotations; there are no lineal distorti ons of the space.
Thus, three orthonormal trans formatiots Marc available, They are
denoted by T	 where j (= 1, 2, 3) is tlic coordinate axis about
7 	 z	 1.
which the rotation is made and ^ is the actual angle of rotation.
	 L'
Thus,
1	 0	 0	 c	 0 -s^
T l (^) = 0	 c^ s ^	 T2 (^) =	 0 1	 0
	
0 -s^ c^
	
s^ 0 c^
c^ s^ 0
T 3 C^) 	 -s^ c^ 0
0	 0	 1
where s and c denote sine and cosine operations respectively.
Note that detIT.( ) = 1 and that T. 1 (^) = Tt(^),
J	 J	 J
Multiple transformations such as
E b = T . ^ 	 T.	 T,	 Eain ( n .	 32(02)	 ^ l ( 1)
where jk - 1, 2, or 3, k = 1, ..., n, are, on occasion, coalesced
into a single omnipotent transformation denoted simply by T,
superscri.pLed or otherwise depending on the level of confusion.
Thus, the above canbe written
E  = TEa
iF70-09
b	 a
and the components of a vector V in E can be derived, if V is
known, simply  by
v	 v1
W	 V  = v2 = T v2
b	 a
v3	v3
.A common and useful operation between two vectors is their inner
(or "dot") product. It is written and defined as
3<A,B>^ a.b .
J 1 
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Appendix B
PROGRAM LISTINGS
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Appendix D
TWO-DIMENSIONAL INTERPOLATION
X^	 T
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u = x x1
v Y Yi
Ax = x2 - x1
Ay y2 - y1
(D2)
(D3)z	 z (u,v,Ax,DY)
U
x
In both the "LBDQ" and atmospheric-attenuation programs, there
arose the problem of interpolating over a two .-dimensional field
of tabulated data. This appendix developes one technique for
doing this.
i
Assume we have data tabulated over a uniform two-dimensional
rectangular grad pattern. That is, we have sets of points
r
(xi PYiIzijJ i,	 J	 =	 1 1	2	 (Dl)
What is z(x,y) where x1 < x < x2, Y1 < y < y2?
y
a.
There are many ways of performing such an interpolation; the one
chosen for this application is to fit the highest-order polynomial
of two independent variable to the four points.	 Since four pieces
of information are available, the interpolating polynomial can
contain at most four unknown constants.
1
fFirst, we make the transformation
r6
4	
fti
J
P70-00
and has the general form
z = a10 u + a11 uv + a01v + a00
where the a's are to be determined to :Force z (x i ,y i ) = z,ij .
This can be accomplished by writing
0	 0	 0	 1 a 10 zll
Ax
	
0	 0	 1 ai 1
_ Z21
0	 0	 Ay	 1
a01 z12
Ax	 dxAy	 Ay	 1 a00
z?2J
Equation (DS) is simply the matrix representation of four simul-
taneous (D4) equations evaluated at the four known points.
Equation (D5) is equivalent to the matrix equation
DA = Z
and the coefficients are obtained by solving the equation
A = D -1 z
The actual inversion of D is a tedious exercise
not very interesting, so it is omitted. Once D
the D -1 Z  product performed, the {A} coefficients
give
Z 21 -Z 1 	 z11-Z21-z12+z22`12-zllZ
	 Ax	 u +
	
AxAy	 uv +	 Ay: v + z11
D-4
mom
I
(D4)
Ut i
(D5);
f
E	 ,
f
f
y
(D6)-'
k
k
(D7) E
in algebra and
is inverted and
are obtained to
(D$) .
e
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i
e^
F
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;
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r
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1
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1
i
1
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Thus Eq. (D8) is the interpolating polynomial which can be used
for estimating z-values within the four known points for which
the polynomial is defined.
This function (D8) has the interesting property of describing a
warped, compound surface which can be constructed entirely of
straight lines. One such surface is shown in Pig. D-1. This is
demonstrated by the fact that both az/au and az /av are constant
but in general., the intersection of the z (u,v) surface with a
plane which is parallel to the z axis produces a parabola, In
fact, the surface is a hyperbolic parabolo4.,d aligned symmetric
to the line u = v.
The property of az/au and az/av being constant has some interesting
consequences in the field of architecture, since curved roofs of
this shape can be constructed using straight two-by-fours;'indeed,
such houses are to be found.
6F70-09
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The albedo equation (ref. Eq. (4), Section 2] has included .within
it a factor 1/7. One might suspect a certain magic in its presence,
but this is not so; there is a good reason for its being there.
It-is a result of assuming that the atmosphere is a Lambertian
radiator.
One way of demonstrating the basis for the 1/fr number is to use
a	 the "correction factor s ' approach: What proportionality factor
must we use to make the answer come out right?
^a
Assume we have a very small area located at the origin of a ref-
{
	
	 erence system and perpendicular to the 3 axis, and that out of
this area is radiated a power P*. If the Lambert radiation law
is assumed, then the differential power radiated into an element
of area dA located on a hemisphere of radius r centered on , the
coord4nate system is
where k is a correction factor (see figure below).
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Since Lambert's law states that no power is radiated below the
(1,2) plane, we can compute the total energy incident upon the
hemisphere as follows
P= P*k 27T  ^f 2 cos	 sin	 d de = P*k7r
0 0	 r2
Since the power absorbed must equal the power radiated, we have U f
P*kff = P*
LJ
so
k = 1/Tr
t
f ^
L
^k( 2
ry
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